Abstract The Wistar-Kyoto (WKY) rat strain has been described as an animal model of depressive behavior that consumes significantly greater amounts of alcohol compared to the Wistar (WIS) rat strain. Since the mesolimbic dopamine (DA) type-2 (D2) receptors mediate rewardrelated behaviors, the present study measured the binding of [
Introduction
Alcohol use accounts for 4% of global disease burden and is related to approximately 1.8 million deaths each year [1] . In the United States alone, an estimated 7.9% of the population over the age of 12 is in need of treatment for alcoholism [2] . Although physiological systems involved in and affected by alcoholism have been extensively studied, the neurobiological mechanisms that contribute to ethanol intake and abuse are not well understood. Dopamine (DA) is a neurotransmitter believed to be involved in the reinforcing effects of alcohol [3, 4] . DA pathways mediate numerous physiological and psychological functions including cognition, anxiety, motivation, locomotion and reward [5] [6] [7] . Specifically, the mesolimbic DA pathway originating in the ventral tegmental area (VTA) projects to the nucleus accumbens (NAc) and plays a role in reinforcement or motivational behavior [8, 9] . In vivo microdialysis studies have shown increased extracellular DA levels in the NAc and VTA after systemic and local alcohol administration, suggesting these regions may be prime substrates for alcohol reinforcement [10] [11] [12] . Furthermore, drugs that block the effects of DA, specifically at DA type-2 (D2) receptor sites, have been shown to reduce alcohol intake in animal as well as human studies [13] [14] [15] .
The D2 receptors are important in mediating reward related behaviors and are intimately involved in alcohol abuse. Earlier studies have suggested the involvement of the human D2 receptor gene (DRD2) in alcoholism, more specifically the DRD2 TaqI A1 allele [16, 17] . The D2 receptors have two distinct functions based on their localization. In cell body areas such as the VTA and the substantia nigra (SN), these receptors function as autoreceptors [18] [19] [20] . They inhibit impulse flow, neurotransmitter synthesis, and release. D2 receptors in the terminal regions such as NAc and caudate putamen (CPu) represent both autoreceptors (on axons) and postsynaptic inhibitory G-protein coupled receptors [18, 20] . Since mice with a genetic depletion targeting D2 receptors demonstrate a reduction in alcohol preference and sensitivity [21] , availability of this receptor site may be a critical factor in determining alcohol drinking behavior.
The Wistar-Kyoto (WKY) rat strain has been proposed as an animal model of depressive behavior [22] [23] [24] [25] . Several studies have noted that WKY rats differ from other strains in their behavioral, physiological, and neuroendocrine responsiveness to environmental as well as pharmacological challenges [22, [24] [25] [26] [27] [28] . For example, compared to outbred control strains, WKY rats exhibit decreased activity in the Open Field Test (OFT), hypolocomotion in the Elevated Plus-Maze (EPM), freezing behavior in the Forced Swim Test (FST), learned helplessness with inescapable shock, and an enhanced adreno-corticotropin releasing hormone response to stressful stimulation [22, 24, 27, 29] . These previous studies indicate that WKY rats are more depressed, anxious and behaviorally inhibited compared to other rat strains. Interestingly, drugs that enhance synaptic levels of DA alleviate these depressive symptoms in WKY rats [25, 30] . Moreover, compared to their outbred counterparts, Wistar (WIS) rats, WKY rats show reduced reward from nicotine as measured by a decrease in conditioned place preference and locomotor response to nicotine administration, indicating a possible DA deficiency in these animals [31] . WKY rats also show reduced levels of sucrose pellet and nicotine self administration [32] , further supporting an abnormal reward system in these animals. Consistent with these behavioral studies, we have recently reported strain differences in D1, D2 and DA transporter (DAT) sites in WKY versus WIS rats that were suggestive of an inherent DA deficiency in the mesolimbic pathway [33] [34] [35] . This was also supported by findings from De la Graza and Mahoney, which showed reduced DA levels in the pre-frontal cortex and increased DA turnover in the striatum under basal conditions [36] .
With evidence suggesting that a reduction in dopaminergic tone, specifically within the mesolimbic DA system, is associated with abnormal alcohol seeking behavior, we recently investigated voluntary alcohol consumption in these two rat strains and reported that WKY rats consume 200% more alcohol than WIS rats under basal conditions [37, 38] . When examining DAT sites following chronic alcohol consumption, DAT binding was increased in a greater number of mesolimbic brain regions, and also in the nigrostriatal regions which plays a prominent role in the expression of motor behavior in WKY compared to WIS rats [39] [40] [41] . Since DAT sites play an important role in regulating extracellular DA levels, it is possible that DA neurotransmission may be differentially altered in these two rat strains by alcohol consumption, potentially regulating DA receptor sites in select brain regions in WKY compared to WIS rats. Therefore, the present study was designed to map the density and distribution of D2 receptor sites following voluntary alcohol consumption using the technique of quantitative autoradiography (QAR). We hypothesized that WKY rats would demonstrate differential modulation of D2 receptor sites following voluntary alcohol consumption compared to the WIS rat strain.
Experimental Procedures
All experimental protocols were reviewed and approved by the Veterans Medical Center, Perry Point, Maryland VAH Institutional Review Committee for the use of animal subjects.
Animals
Since WKY rats tend to weigh less than WIS rats, 4 month old male WKY rats and 3 month old male WIS rats were used in this study (weight range *290-340 g). Rats within each strain were assigned into a control group which received no alcohol and an alcohol group (n = 8 per group). All groups were equated on the basis of body weight. WIS rats were purchased from Harlan (Indianapolis, IN). WKY rats were raised at the Veterans Medical Center, Perry Point, MD from a breeding stock initially obtained from Charles River Laboratories (Kingston, NY). Animals were individually housed at 22°C and placed on a 12-h light/dark cycle, with lights on between 06:00 and 18:00 h. Animals were allowed to acclimate for 2 weeks prior to the start of the experiment and were handled daily for 1 week prior to the start of the experiment. Standard Laboratory chow and water were kept available during the entire day throughout the experimental period.
Procedures
The alcohol preference method as described by Sandbak and Murison was used with minor modifications [42] . Briefly, a progressive 3-7% (volume/volume) alcohol solution was used to elicit voluntary alcohol consumption. During the first 7 day period (day 1-7) a 3% alcohol solution was presented to the animals followed by a 5% solution during the second 7 day period (day [8] [9] [10] [11] [12] [13] [14] , and finally a 7% solution throughout the remaining time (day [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . Both alcohol and water were freely available throughout the experimental period until rats were sacrificed. The alcohol group was offered two sipper-type drinking tubes with tap water in one and alcohol solution in the other. The position of the tubes was switched daily (left/right) and no additional flavors were added to either bottle in order to eliminate the possibility of location and flavor preference. The control group was offered two sipper tubes containing water. Body weight and alcohol consumption measurements were recorded daily at the same time each day. Alcohol consumption was recorded in terms of grams alcohol per kilogram body weight. At the end of the 24-day experimental period, WKY rats were found to consume an average 2.2 g/kg/day alcohol compared to 0.8 g/kg/day consumed by the control WIS strain. No significant changes in body weights were recorded among WKY and WIS rats following alcohol consumption when compared to control groups (data not shown). On day 25, animals were sacrificed by rapid decapitation between 0800 and 1000, the brains removed and stored at -80°C till use.
Brain Section Preparation
Brains were sectioned (16 lm) at -18°C in a cryostat microtome and mounted on gelatin-coated microscope slides. Sections were sliced from plates 12 and 42 according to the Brain Atlas of Paxinos and Watson [43] and all levels were verified using Nissl staining. Sections were then chosen from plate 12 to represent terminal regions (CPu and NAc) and plate 42 to represent the cell body areas (VTA and SN). All sections, clearly depicting the region of interest, were chosen using the same level for each animal within each strain. For each animal, two adjacent brain sections were used for the binding assay and averaged for statistical analysis. 
Quantification
The images were quantified using the Brain 3.0 computerized brain image analysis program for Macintosh. Nonspecific binding was subtracted from the total binding to provide the specific binding in the regions of interest. Data were expressed as mean ± SEM specific binding (fmol/mg brain protein).
Statistics
Statistical analysis was performed with SigmaStat program for Windows. Differences between means in individual regions were analyzed using two-way analysis of variance (ANOVA), with strain (two levels) and treatment (two levels) as independent variables. Where significant main effects of strain and treatment as well as the strain x treatment interactions were reported (P \ 0.05), a post hoc Tukey's test, with HSD P \ 0.05, was conducted to locate significant differences between groups. All values of binding density were expressed as mean ± SEM and graphed as percent change from water-drinking control animals.
Results

Effects of Alcohol on D2 Receptor Sites
The binding of [ 125 I]-Iodosulpiride was measured in several regions of the mesolimbic and nigrostriatal pathways in WKY and WIS rats as depicted in Fig. 1 
Terminal Regions
In WKY rats, the specific binding of [ 125 I]-Iodosulpiride to D2 sites was increased by 37% in the CPu following chronic alcohol consumption, F(1, 28) = 4.856, P \ 0.05, Tukey HSD test, P \ 0.05, while WIS rats showed a slight, non-significant reduction (-6%) in binding values with alcohol exposure (Fig. 2) . In the NAc, alcohol consumption significantly increased D2 receptor binding by 55%, F(1, 26) = 5.25, P \ 0.05, Tukey HSD test, P \ 0.05 in WKY rats (Fig. 3) . However, similar to the effects observed in the CPu, WIS rats only demonstrated a nonsignificant downward trend (-3%) in receptor binding following chronic alcohol consumption.
Cell Body Regions
In the SN, alcohol consumption significantly increased the binding of [
125 I]-Iodosulpiride to D2 receptor sites by 36% in WKY rats and decreased binding by 22% in WIS rats, F(1, 26) = 11.58, P \ 0.05, Tukey HSD test, P \ 0.05 (Fig. 4 ) when compared to their respective controls. Furthermore, a significant increase (?57%) in the specific binding of [ 125 I]-Iodosulpiride to D2 sites was observed in the VTA of WKY rats following alcohol consumption, F(1, 25) = 7.26, P \ 0.05, Tukey HSD test, P \ 0.05. In contrast, chronic alcohol intake led to reduced (-20%) levels of D2 receptor binding in WIS rats when compared to control rats (P \ 0.05) (Fig. 5) .
Discussion
Much of the current literature supports the idea that DA alterations may underlie increased alcohol drinking behavior. Previous reports have suggested that the reinforcing effects of alcohol are in part due to the stimulation of the mesolimbic DA pathway, and that a disruption in the normal functioning of this pathway may lead to a predisposition towards alcohol abuse [7, 45, 46] . Abnormal dopaminergic neurotransmission is thought to be one of the underlying mechanisms of increased alcohol consumption. Studies involving selectively bred alcohol preferring rats have reported lower baseline levels of DA in the NAc of these animals compared to their non-preferring counterpart [47] and Di Chiara and Imperato have suggested that since alcohol preferring rats have low basal DA tone, they consume more alcohol in order to re-establish or increase DA levels in the mesolimbic (reward) pathway [10] . When examining the neurochemical profile of WKY rats, De La Garza and Mahoney reported a reduction in DA levels in the pre-frontal cortex and an increase in DA turnover in the striatum and NAc of WKY compared to WIS animals under basal conditions [36] . These data may suggest reduced DA levels in the terminal field regions due to more active turnover processes in WKY rats. More recently we have noted a decrease in DA turnover in the VTA of WKY rats [48] , suggesting less DA activity in this cell body region.
In support of the current literature surrounding DA deficiency as a precedent to increased alcohol consumption, we have also observed that WKY rats consumed 200% more alcohol than WIS rats when given a free choice of alcohol or water [38] . Thus, the aim of this report was to examine the effects of chronic alcohol consumption on D2 receptors in WKY compared to WIS rats using QAR.
In the current study, chronic alcohol consumption increased the binding of [
125 I]-Iodosulpiride to D2 receptor sites in the CPu, NAc, SN and VTA of WKY rats, but not WIS rats. Since, D2 autoreceptors inhibit impulse flow, neurotransmitter synthesis and release, the observed increase in D2 receptor density in the cell body areas (SN and VTA) following alcohol consumption may represent inhibition of extracellular DA levels [18, 19] . In the terminal regions (CPu and NAc), the noted D2 receptor upregulation may be a consequence of lower DA levels in areas projecting from the SN and VTA. A previous study from our laboratory also reported increased DAT sites in the CPu and NAc regions of WKY rats following chronic alcohol consumption [37] . Since DAT sites are responsible for the clearance of synaptic DA, one explanation may be that increased DAT sites would lower levels of DA in the synaptic cleft following chronic alcohol consumption, thus contributing to the observed up-regulation of D2 receptor sites in the CPu and NAc. In agreement with our findings, Sari and colleagues reported that 14 weeks of continuous alcohol exposure increased D2 receptor density in the NAc region of inbred alcohol-preferring rats [49] . Similarly, Kim et al. reported an increase in D2 receptor mRNA in the NAc and CPu following prolonged alcohol consumption [50] . Previous studies of receptor binding have attributed an up-regulation of D2 receptor sites to a reduction in dopaminergic activity in several brain regions [51] [52] [53] . Therefore, an increase in D2 receptor sites in all brain regions measured of WKY rats may represent reduced DA levels as a result of chronic alcohol consumption, thus leading to increased consummatory behavior to re-establish baseline DA levels. Our results suggest that the differential regulation of D2 receptor binding in these two rat strains may be related to the differences in their daily alcohol intake values. Thus, the reduction in D2 receptor binding in cell body areas (VTA and SN) of WIS rats may indicate reduced DA auto-inhibition therefore leading to increased DA levels in the mesolimbic and nigrostriatal pathways of WIS animals.
While the increased alcohol drinking behavior in WKY rats may seem to contradict previously reported reductions in sucrose and nicotine self administration in WKY rats [32] , we believe that this is not the case. One proposed explanation is that the previously reported learning and cognitive impairments and an inability to learn discrimination in an operant setting [54] in these animals may limit their ability to learn and perform in a self administration paradigm. Another possibility is that alcohol may be more of WKY and WIS rats. Data are expressed as the mean ± SEM of measurements from eight rats from each strain, with determinations made in duplicate sections from each brain. Binding data are graphed as percent change from the water control group of each respective rat strain. Asterisk represents significant differences between treatment groups within strain, P \ 0.05. WKY Wistar-Kyoto, WIS Wistar reinforcing when compared with nicotine, as suggested by previous findings with conditioned place preference [55] [56] [57] [58] and therefore WKY rats may consume more alcohol solution for its greater rewarding effects. However, this possibility does not fit with the sucrose findings as this substance has been shown to have high reinforcing value in a similar paradigm [59] .
The greater density of D2 receptor sites in WKY rats following alcohol consumption may facilitate the previously reported increase in drinking behavior in this rat strain [37] . A functional role of D2 receptor sites in alcohol consumption is supported by findings that administration of a D2 like antagonist directly into the VTA or NAc reduces alcohol responding in rats [60, 61] , and D2 knockout mice consume less alcohol than WT mice [21] . Recent evidence suggests that D2 receptor antagonists decrease alcohol consumption in clinical as well as in preclinical studies [13] [14] [15] . Clinical reports suggest the use of olanzapine (D2 antagonist) for substance dependence disorder [62] , while in alcohol preferring rats, repeated olanzapine treatment significantly reduced alcohol consumption [15] . These studies suggest that targeting D2 receptors may provide a novel therapeutic approach to treating alcohol abuse and lend further support to the idea that D2 receptor mediated neurotransmission may be important in the increased alcohol drinking behavior observed in WKY rats.
Recently, we reported that stressed WKY rats consumed more alcohol than non-stressed animals [38] . Since WKY rats are characterized as hyper-responsive to stress, alcohol consumption may have a stress reducing effect in that alcohol reduces the emotional reactivity of WKY rats. This observation is strengthened because access to alcohol reduced the response latency in the OFT and increased time spent in the open arm in the EPM for WKY rats [63] . While stressed WKY rats exhibited a similar pattern of D2 receptor alterations as seen in the present study [38] , it was interesting to observe that alcohol consuming stressed WKY rats showed a reversal in the stress-induced increases in D2 receptor binding [38] . It is possible that prolonged stress exposure could dampen DA signaling in several mesolimbic and mesocortical regions [6, 64] , and the addition of alcohol to this regime could function to elevate daily levels of DA and block the stress-induced alterations in DA receptors [10, 12] . These observations would be in agreement with previous reports where alcohol administration was found to block stress induced increases in plasma epinephrine [65] , corticosterone [66] as well as decrease the stress induced increases in DA in several brain regions [67] and norepinephrine [68] .
Thus, based on our previous and present work, the WKY rat strain provides a suitable rodent model in which to investigate DA mediated mechanisms involved in alcohol consuming behaviors. Not only does the WKY rat strain exhibit depressive-like behavior [27, 29] , it also voluntarily consumes 200% more alcohol than WIS rats, suggesting a resemblance to the clinical ''self medication'' phenotype [37, 38] . Previous reports of increased DAT sites [37] coupled with the present report of increased D2 receptor sites in similar brain regions, provides support for the involvement of DA pathways in the increased alcohol drinking behavior in this rat strain. Since pharmacological agents target D2 receptor sites in the treatment of alcohol abuse in preclinical and clinical settings, future studies will investigate the role of these pharmacological agents in regulating alcohol consumption in this rat strain.
